Background: Elevation of cerebral cholesterol turnover in mice due to increased CYP46A1 expression has palliative effects on hallmarks of Alzheimer disease. Results: CYP46A1 could also be activated post-translationally by drugs in vitro and in vivo. Conclusion: CYP46A1 is a viable therapeutic target. Significance: Pharmacologic stimulation of CYP46A1 and cerebral cholesterol turnover may lead to new therapeutic strategies for the treatment of brain disorders.
The brain is perhaps the only organ in the human body that cannot acquire cholesterol from the systemic circulation because the blood-brain barrier is impermeable to cholesterol. Accordingly, the major source of cerebral cholesterol is local synthesis, and cholesterol removal relies mainly on enzymatic processing carried out by cytochrome P450 46A1 (CYP46A1) (1) . CYP46A1 is normally localized in the endoplasmic reticulum (ER) 2 of neurons, where it removes excess cholesterol by metabolism to a membrane-permeable (24S)-hydroxycholesterol (24-HC) (2, 3) . Once 24-HC is formed, it rapidly diffuses to the systemic circulation and binds to LDL and HDL, which deliver this oxysterol to the liver for degradation to bile acids (4 -6) . Genetic ablation of Cyp46a1 expression in mice demonstrates that CYP46A1 controls not only cholesterol removal from the brain but also the rate at which cholesterol is turned over in this organ (7) . The steady-state levels of cerebral cholesterol are unchanged in Cyp46a1 Ϫ/Ϫ mice because there is a compensatory reduction by ϳ40% in the rate of cerebral cholesterol biosynthesis (7) . The rate of cholesterol turnover is thus decreased in the Cyp46a1 Ϫ/Ϫ brain, affecting memory and learning of Cyp46a1 Ϫ/Ϫ animals (8) . Conversely, CYP46A1 transgenic mice have increased levels of a number of cholesterol precursors (1.5-1.7-fold), indicating increased cholesterol biosynthesis to balance an ϳ2-fold increase in cholesterol elimination via cholesterol 24-hydroxylation (9, 10) . Aged transgenic females also show an improvement in spatial memory compared with the matched wild-type mice (10) . A positive effect, namely mitigation of cognitive deficits, was also observed in mouse models of Alzheimer disease when cerebral CYP46A1 expression in these animals was increased as a result of adenoviral CYP46A1 delivery or Acat1 ablation (11, 12) . In addition, increased CYP46A1 expression reduces the formation of the amyloid-␤ peptide (11, 12) . Collectively, animal data suggest that increasing Cyp46a1 levels or enzyme activity could be beneficial for humans of older age, leading to cognitive enhancements in healthy individuals and slowing the disease progression in patients with Alzheimer disease.
Predominant expression in the brain (13) makes CYP46A1 attractive as a new therapeutic target and a tool for studies of cerebral cholesterol homeostasis. This laboratory is investigating the potential of existing medications to stimulate CYP46A1 activity in the brain. We were encouraged by our previous structural studies demonstrating that the CYP46A1 active site is conformationally flexible (14, 15) . We also found that in the reconstituted system in vitro, cholesterol 24-hydroxylation by purified recombinant CYP46A1 can be stimulated up to 145% by some of the therapeutic agents (14) . Recently, we found additional pharmaceuticals that modulate CYP46A1 activity in vitro and are approved for human use in the United States by the Food and Drug Administration (16) . Because the activation of purified CYP46A1 was only moderate in this screen, in the present work, we retested the identified P450 activators in isolated bovine brain microsomes, a physiologically more relevant system. We found that pharmacologic activation of CYP46A1 was strong (up to 11-fold) in this system. Therefore, we conducted additional studies in vitro and in vivo in mice. We demonstrate that the anti-HIV medication efavirenz (EFV) stimulates CYP46A1 in vitro and in vivo, leading to an increase in cholesterol turnover in mouse brain. We also propose a model for CYP46A1 activation by EFV. Our findings have direct medical relevance and could immediately be tested on elderly humans for enhancement of cognition and effect on progression of Alzheimer disease.
EXPERIMENTAL PROCEDURES
Chemicals-The S-isomer of EFV (brand name Sustiva) was purchased from Toronto Research Chemicals Inc. Phenacetin, acetaminophen, mirtazapine, galantamine, agomelatine, and huperzine were from Sigma-Aldrich. Drugs were dissolved in 100% methanol, whereas cholesterol was dissolved either in 4.5% aqueous 2-hydroxypropyl-␤-cyclodextrin to prepare a 1 mM stock for spectral binding assay or in 45% aqueous 2-hydroxypropyl-␤-cyclodextrin to prepare a 10 mM stock for optimized enzyme assay. No corrections were done for the affinity of cholesterol for 2-hydroxypropyl-␤-cyclodextrin and other components in the assay buffer. Hence, the determined K m and K d values represent the apparent values.
CYP46A1 Expression and Purification-Full-length and truncated (⌬(2-50)) recombinant human enzymes were heterologously expressed in Escherichia coli and purified as described (16, 17) .
Enzyme Assay with Isolated Brain Microsomes-This assay was as described (16) . Briefly, microsomes were obtained from the gray matter of bovine temporal lobe, one of the brain regions where CYP46A1 expression is abundant (13) . Brain microsomes (1 mg of total protein) were used for reconstitution with 1 M cytochrome P450 oxidoreductase (OR) and varying concentrations of a probe drug (10 -60 M) in a total volume of 1 ml of 50 mM potassium phosphate buffer (pH 7.2) containing 100 mM NaCl. CYP46A1-mediated 24-hydroxylation of endogenous cholesterol present in the microsomes (ϳ90 nmol/mg of protein) was initiated by the addition of a NADPH-regenerating system (5 mM NADPH, 50 mM glucose 6-phosphate, and 10 units of glucose-6-phosphate dehydrogenase) and proceeded for 30 min at 37°C. The enzyme reaction was terminated by the addition of 6 ml of Folch reagent (2:1 (v/v) chloroform/methanol), followed by the determination of the 24-HC content in the organic extract by gas chromatography-mass spectrometry as described (18) using deuterated 24-HC as an internal standard.
Optimized Enzyme Assay with Purified CYP46A1-Incubations were carried out as described (14) , always in 1 ml of 50 mM potassium phosphate buffer (pH 7.2) containing 100 mM NaCl, 40 g of dilauroylglycerol-3-phosphatidylcholine, and 0.02% CYMAL-6. Dilauroylglycerol-3-phosphatidylcholine-containing liposomes were added to the buffer first, followed by the addition of a drug, purified P450 (0.5 M), OR (1.0 M), 10 nM [ 3 H]cholesterol, and unlabeled cholesterol (10, 20, or 40 M when a fixed substrate concentration was used or varying concentrations when kinetic experiments were carried out). NADPH (final concentration of 1 mM) was added to initiate the enzyme reaction, which was carried out for 30 min at 37°C. The reaction was terminated by the addition of CH 2 Cl 2 (2 ϫ 2 ml), which also served to extract reaction products and unused cholesterol. The organic extract was evaporated, dissolved in CH 3 CN, and analyzed by HPLC as described (19) .
Spectral Binding Assay-The truncated form of CYP46A1 (CYP46A1⌬(2-50)) was used in this assay, as CYP46A1 activation was also observed with the truncated enzyme (Fig. 1) . Spectral titrations were carried out as described (20) , namely in 1 ml of 50 mM potassium phosphate buffer (pH 7.2) containing 100 mM NaCl and 0.5 M CYP46A1⌬(2-50), the same P450 concentration that was used in the in vitro enzyme assays.
Computational Predictions of EFV Binding on the CYP46A1 Surface-An in silico search for potential allosteric binding sites on CYP46A1 was carried out as described (16) and included the protein surface in the gridded space. The Iron TM simulation software (Pharmatrope Ltd.) was used, which employs the fragment-based approach (21) .
Administration of EFV to Mice-All animal-handling procedures and experiments were approved by the Institutional Animal Care and Use Committee at Case Western Reserve University. Mice (strain C57BL/6J, 3-month-old-males and females) were purchased from The Jackson Laboratory and housed in the Animal Resource Center at Case Western Reserve University. Drug administration was initiated after a 1-week adaptation period. When EFV was delivered by gavage, each mouse received daily 0.1 ml of the drug solution in 1% Tween 80 from one of the four stocks (10.1, 21.5, 43.0, or 86.0 g/ml), corresponding to drug doses of 0.04, 0.08, 0.16, and 0.32 mg of EFV/kg of mouse body weight, respectively. These doses are 384 -3075-fold lower than that given to HIV patients (600 mg/kg/day), if we use a 12.3 coefficient to account for a difference in the surface area/body weight ratio between mice and humans and assume that 60 kg is an average human body weight. The control group contained animals receiving the vehicle (0.1 ml of 1% Tween 80). Drug solutions were prepared freshly before each administration. When EFV was administered in drinking water, the drug was dissolved at 0.42 and 1.68 mg/liter concentrations and kept in light-protected bottles. This water was provided ad libitum. Each day, mice consumed 6.4 and 4.0 ml of 0.42 and 1.68 mg/liter of EFV-containing water, respectively. Thus, the EFV doses that were delivered were 0.09 and 0.22 mg/kg/day. No changes in body weight relative to the untreated animals or signs of toxicity were evident in EFV-treated mice for the duration of experiments, as assessed by lack of mortality, hunched posture, lethargy, fur ruffling, or respiratory distress. Prior to death, the animals were fasted overnight. The following morning, the animals were killed, and their brains were immediately isolated, with the left hemisphere used for sterol quantifications. Blood was collected as well via cardiac puncture and used for serum preparation as described (22) .
Quantifications of Cerebral Sterols and Plasma Levels of 24-HC-This was carried out as described (18, 23) by isotope dilution gas chromatography-mass spectrometry using deuterated sterol analogs as internal standards.
Data Analysis-All data represent the mean Ϯ S.D. All in vitro assays were carried out in triplicate. All quantifications in mice represent the average of the individual measurements in three different animals per one EFV dose and time point.
Statistical significance of mean differences was determined either by Student's two-tailed unpaired t test (see Figs. 1, 3, 5, and 8) or by two-way repeated measures analysis of variance (see Fig. 9 ). If analysis of variance showed major interactions, post hoc contrasts between the same time points in different groups were performed using the t test. All statistical analyses were performed using GraphPad Prism software (GraphPad Software, San Diego, CA).
RESULTS

Pharmacologic Stimulation of Cholesterol 24-Hydroxylation in Isolated Brain
Microsomes-CYP46A1 is the only known microsomal enzyme that can generate 24-HC (7, 13). Therefore, the production of this metabolite from ER cholesterol reflects solely the activity of CYP46A1. In this work, we re-evaluated seven drugs ( Fig. 2 ) that were identified as potential P450 activators in our previous in vitro screening utilizing purified recombinant enzyme (14, 16) . All of these compounds cross the blood-brain barrier, and the majority are used on a chronic treatment basis with the exception of phenacetin, which was withdrawn from the United States market. EFV is an anti-HIV medication; phenacetin and its metabolite acetaminophen are analgesics; mirtazapine and agomelatine are antidepressants; and galantamine and huperzine are prescribed for symptomatic treatments of Alzheimer disease. In the screening assay with purified CYP46A1, the seven selected pharmaceuticals activated the enzyme to different degrees: very weakly (by 110 -115%, agomelatine, huperzine, and galantamine), weakly (by 130 -132%, mirtazapine and acetaminophen), or moderately FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
Stimulation of Cerebral Cholesterol Turnover
(by 145-150%, phenacetin and EFV) (Fig. 3A) . In contrast, when the drugs were tested in isolated bovine brain microsomes, CYP46A1 activation was generally much stronger ( Fig.  3B) . Five of the seven drugs modulated CYP46A1 activity in a concentration-dependent manner, activating CYP46A1 at low concentrations (up to 30 M) and inhibiting the enzyme at higher concentrations. The two strongest CYP46A1 activators were EFV and acetaminophen, increasing the formation of 24-HC by ϳ10 -11-fold. Mirtazapine, phenacetin, and galantamine stimulated CYP46A1 activity by 6 -7-fold. The maximal CYP46A1 activation was observed at 30 M drug concentrations, except for EFV, which activated CYP46A1 at a lower concentration (20 M). Thus, we chose EFV for our subsequent studies.
In Vitro Studies of the Mechanism of CYP46A1 Activation by EFV-Weak CYP46A1 activation in the screening assay relative to the strong P450 activation in isolated brain microsomes suggested that the enzyme activation probably depends on the ratio between CYP46A1, substrate (cholesterol), and activating drug. Indeed, each of the incubations with isolated brain microsomes contained ϳ0.4 pmol of CYP46A1 (24) , 90 nmol of endogenous cholesterol, and 10 -60 nmol of the probe drug, i.e. cholesterol was at the saturating concentration for P450. In contrast, our screening assay contained 0.5 nmol of CYP46A1, 2.7 nmol of cholesterol, and 48 nmol of the probe drug. 2.7 M cholesterol was the subsaturating concentration because the K m of CYP46A1 for cholesterol is 5.4 M (14). Therefore, we investigated how varying amounts of EFV (5-100 nmol) affect CYP46A1 activity at three different saturating cholesterol concentrations (10, 20, and 40 nmol) while retaining the same 0.5 nmol of CYP46A1. In this assay, which we call the optimized in vitro assay, CYP46A1 activation by EFV was much stronger (up to 6-fold) (Fig. 3C ) than in our screening assay (Fig. 3A) . Moreover, the shape of the concentration dependence curves in the optimized in vitro assay was similar to that in the assay with isolated brain microsomes. The curve had a bell shape, with the maximal CYP46A1 activation observed at 20 M EFV, with a subsequent decrease in the CYP46A1 stimulation and ultimately enzyme inhibition as the EFV concentrations were increased. The fact that the maximal activating concentration of EFV was the same at all three cholesterol concentrations suggested that there were no competition between cholesterol and EFV for binding to CYP46A1, possibly because the binding sites for cholesterol and EFV at activating EFV concentrations are different. These data also suggested that the 20 M concentration is the saturating EFV concentration for binding to this site, different from that for cholesterol.
We also tested how EFV affects the kinetic parameters of CYP46A1-mediated cholesterol hydroxylation at activating (20 M) and inhibiting (100 M) drug concentrations ( Fig. 4A and Table 1 ). At both concentrations, EFV did not significantly alter the CYP46A1 K m for cholesterol. The major change was in the k cat , which increased by 6.7-fold at the activating EFV concentration and decreased by 3.0-fold at the inhibiting drug concentration. Because this change could reflect the effect of EFV on the CYP46A1 interactions with the redox partner OR, we then measured the CYP46A1 K m and k cat for OR at the activating and inhibiting EFV concentrations ( Fig. 4B and Table 1 ). As in kinetic experiments with cholesterol, the major effect was on the k cat , not K m . An important finding from the enzyme activity measurements was that the extent of CYP46A1 activation by EFV depended on the order in which the components of the reconstituted system were mixed. Strong activation was observed only when EFV was added to CYP46A1 first, prior to the addition of cholesterol. If EFV was added to CYP46A1 after the addition of cholesterol, the maximal enzyme activation was ϳ10-fold lower (Fig. 5) . In contrast, CYP46A1 inhibition did not depend on the mixing order and always occurred at high EFV concentrations. The dependence of the CYP46A1 activation on the mixing order prompted an investigation of drug and cholesterol binding by spectral assay (25) , which provides information about the coordination and microenvironment of the P450 heme iron.
Titrations were first carried out on resting CYP46A1. In this state, there is no substrate in the enzyme active site, and the P450 heme iron is hexacoordinated, with a water molecule being the distal (sixth) iron ligand (14) . Both cholesterol and EFV elicited spectral shifts in the difference spectrum of resting CYP46A1 (Fig. 4, C and E) , enabling determination of their apparent spectral K d values: 0.08 M for cholesterol and 5.0 M for EFV (Table 1) . However, the types of the CYP46A1 spectral responses upon the addition of these two ligands were different. Cholesterol induced the so-called type I spectral response (26, 27) , occurring in P450s when a water molecule coordinating the heme iron is displaced, leaving the iron five-coordinated (28) . Conversely, EFV induced a type II spectral response, reflecting the coordination of the heme iron by a nitrogen atom from the added compound (29, 30) . Very often, but not always, type II ligands are inhibitors rather than substrates for P450s (15, 31) . Next, we saturated CYP46A1 with 20 M EFV and carried out P450 titrations with cholesterol (Fig. 4D) . The cholesterol spectral K d decreased to ϳ0.03 M, indicating tighter substrate binding at the activating drug concentrations. In a reverse experiment, CYP46A1 was first saturated with 20 M cholesterol and then titrated with EFV (Fig. 4F) . The drug binding became cooperative, with a Hill coefficient equal to 2.1, suggesting two binding sites (32) . Thus, spectral titrations of CYP46A1 revealed the following. First, when added individually, both EFV and cholesterol bind to the CYP46A1 active site. However, the K d values of the ligands for CYP46A1 differ significantly (5.0 and 0.08 M, respectively), and EFV likely inhibits CYP46A1. Second, when added sequentially, the ligand that binds first affects binding of a second ligand. If EFV binds first, subsequent cholesterol binding becomes tighter (0.03 versus 0.08 M K d in the absence of EFV). When cholesterol is added first, EFV binding becomes cooperative and reveals the presence of a second EFV-binding site. To identify this site, the computational prediction of EFV binding to the CYP46A1 surface was carried out. This led to the identification of three putative allosteric sites, all in the P450 regions facing the cytosol (Fig. 6) . On the basis of our data, we generated a model explaining CYP46A1 activation at low EFV concentrations and inhibition at high drug concentrations (Fig. 7) .
EFV Activates CYP46A1 and Cerebral Cholesterol Turnover in Vivo in Mice-EFV was first administered by gavage each day for 2 or 4 weeks. Four drug doses (0.04, 0.08, 0.16, and 0.32 mg/kg/day) were tested for the effect on the sterol profile in the brain (Fig. 8) . The measured sterols were cholesterol, three cholesterol precursors (lanosterol, lathosterol, and desmosterol), and the cholesterol elimination product 24-HC generated by CYP46A1. The cholesterol precursor zymosterol and the cholesterol metabolite 27-hydroxycholesterol were below the limits of detection (Ͻ0.5 pmol/mg of total tissue protein). Both males and females were evaluated. The pattern of changes was the same in both genders; hence, the data are shown for females only. All measured sterols, except lanosterol and cholesterol, were affected by EFV treatment, and the effect was dose-and time-dependent. After 2 weeks of treatment, the dose dependence curve for 24-HC had the same bell shape as in the assays with isolated brain microsomes and the optimized assay with purified CYP46A1 (Fig. 3, B and C) . The sterol levels were up to 67% higher than those in the untreated controls at lower EFV doses (0.04 -0.16 mg/kg) and the same as in the untreated controls at the highest drug dose (0.32 mg/kg). EFV also increased the levels of the cholesterol precursors lathosterol (a marker of cholesterol biosynthesis (33)) and desmosterol, and this increase was observed at all four drug doses. Thus, after 2 weeks of treatment, three doses of EFV (0.04, 0.08, and 0.16 mg/kg/ day) increased both cholesterol biosynthesis and metabolism and did not affect cholesterol levels. Such a sterol profile suggested increased cholesterol turnover in mouse brain. However, after 4 weeks of drug treatment, neither of the measured sterols was at the higher levels relative to the untreated controls. In fact, sterol levels in the treatment groups decreased as the dose of EFV increased. This could be due to EFV accumulation in the brain within the additional 2 weeks of treatment, leading to the CYP46A1 inhibition and affecting cholesterol biosynthesis in turn. The alternative interpretation is that increased enzyme activity depleted the pool of cholesterol available for CYP46A1, and this depletion led to a decrease in the production of 24-HC and a compensatory decrease in cholesterol biosynthesis.
To account for possible CYP46A1 inhibition and depletion of the ER cholesterol, as well as to provide sufficient time for cerebral cholesterol homeostasis to reach steady state upon EFV treatment, we changed the EFV delivery method from gavage to drinking water and increased the treatment time to 8 weeks. Indeed, delivery via drinking water affords the same daily drug dose as gavage, but the drug is supplied in smaller portions. CYP46A1 activation may be smaller in this case, but cholesterol available to the enzyme may not be depleted. Furthermore, a smaller drug dose will be eliminated more efficiently than a larger dose, thus preventing accumulation of a lipophilic drug in the brain and inhibition of CYP46A1.
Two doses of EFV were administered in drinking water. They were planned to be equal to 0.08 and to 0.32 mg/kg/day. However, the consumption of EFV-containing water was not the same as that of regular water (see "Experimental Procedures"), and the animals ultimately received 0.09 and 0.22 mg of EFV/ kg/day. The 0.09 mg/kg/day dose led to statistically significant increases in cholesterol precursor levels (lathosterol, desmosterol, and a sum of lathosterol and desmosterol) and cholesterol catabolite (24-HC) levels during all 8 weeks of EFV treatment (Fig. 9) . However, the kinetics of this increase were different for cholesterol precursors and 24-HC. For this drug dose, the maximal increase in lathosterol and desmosterol content was observed after 2 weeks of EFV treatment. The sterol levels then decreased slightly and stayed at the same level during the subsequent 4 weeks of treatment. In contrast, the amounts of 24-HC were gradually increased during the first 4 weeks of treatment and leveled off within the next 4 weeks. During all 8 weeks of treatment with EFV at 0.09 mg/kg/day, changes in cholesterol biosynthesis were compensated for by changes in cholesterol catabolism, as cholesterol levels were not significantly altered. EFV at 0.22 mg/kg/day led to a parallel alteration in the amounts of cholesterol precursors and 24-HC. A small spike in the sterol concentrations after 2 weeks of treatment was followed by a decrease in the sterol amounts (except desmosterol) to essentially the same levels as in untreated animals. These decreased levels were observed from week 4 to week 8 of the treatment, indicating steady-state cerebral cholesterol homeostasis. The levels of 24-HC in serum changed in parallel to those in the brain, with the increase in the serum 24-HC content being more pronounced upon treatment with EFV at 0.09 mg/kg/day compared with 0.22 mg/kg/day (Fig. 9) .
DISCUSSION
The major finding of this work is that pharmacologic stimulation of CYP46A1 and cerebral cholesterol turnover is possible in principle, at least in mice. This was a challenge because only very few drugs on the market act as enzyme activators; the majority of the therapeutic agents are enzyme inhibitors (34 -36) . Nevertheless, we found a number of CYP46A1 activators among currently used drugs. We have demonstrated that administration of one of them (EFV) in drinking water (0.09 mg/kg/day) to mice results in a simultaneous increase in cholesterol biosynthesis and cholesterol catabolism, with no effect on cholesterol levels. We thus obtained a tool, additional to genetic manipulations and gene therapy, to investigate the benefits of enhanced cerebral cholesterol turnover on cognition in aged healthy mice and disease manifestations in mouse models of Alzheimer disease. Perhaps EFV could even be tested on patients with Alzheimer disease because the maximal suggested drug dose for HIV patients (600 mg/day) is Ͼ300 times higher than that (0.09 mg/kg/day) necessary for the activation of cerebral cholesterol turnover in mice. It is likely that at the very low doses that are required for stimulation of cerebral cholesterol turnover, EFV will not elicit the side effects (dizziness, confusion, anxiety, or depression) occurring upon administration of the high HIV dose of 600 kg/day (37) . In mice, the maximal EFV-dependent increase in steady-state levels of cerebral 24-HC was 42%. In humans, more cholesterol is eliminated from the brain via the CYP46A1-dependent mechanism than in mice (ϳ75% versus ϳ40%) (6, 38). Hence, it is possible that in humans, administration of EFV will lead to higher increases in the cerebral levels of 24-HC and greater stimulation of cerebral cholesterol turnover. However, to begin to use EFV offlabel, a clinical trial is required to establish the best way to monitor the increased production of 24-HC in human brain, the range of EFV concentrations causing stimulation of CYP46A1 in humans, and whether these drug doses elicit any neurotoxicity.
Previously, cholesterol homeostasis in mouse brain was targeted pharmacologically with T0901317, the liver X receptor agonist (39, 40) . When this agonist was administered to a mouse model of Niemann-Pick disease type C, cholesterol excretion from the brain increased, whereas synthesis of brain cholesterol and expression of Cyp46a1 remained unaltered (39) . In another study, T0901317 was administered to aged wild-type mice and mice with the APPSLxPS1 mutations modeling Alzheimer disease (40) . In both genotypes, T0901317 increased the levels of several cerebral cholesterol precursors and the expression of a number of liver X receptor target genes; , magenta triangles (EFV), and green rectangles (cholesterol), respectively. A diagram for the lipid bilayer is also shown. We suggest that only one ligand, either cholesterol or EFV, can bind to the CYP46A1 active site, with ligand binding altering the shape of the active site cavity. Our previous crystallographic studies showed that when the substrate (cholesterol sulfate) is present, there is no space in the CYP46A1 active site for a second molecule the size of EFV (14) . Also, only one drug molecule was found in the substrate-binding cavity in all seven CYP46A1-drug complexes crystallized so far (15, 16, 20, 50) . Furthermore, in all ligand-bound CYP46A1 crystal structures, the P450 active site undergoes conformational changes to better fit the ligand. Our earlier studies indicated that the entrance to the CYP46A1 active site is embedded in the lipid bilayer, i.e. cholesterol enters CYP46A1 through the membrane (49) . We envision that when EFV is at low concentrations (e.g. 20 M) in vitro or in vivo, it binds to the CYP46A1 allosteric site, as this site is more accessible than the P450 active site embedded in the lipid bilayer. EFV binding to the allosteric site does not change the shape of the CYP46A1 active site when cholesterol is there, as this shape is rigidified by substrate-protein interactions. However, EFV alters the shape of the active site of cholesterol-free CYP46A1, making cholesterol binding tighter and enzyme catalysis more efficient. This would explain the enzyme's activation at low doses of EFV. The dependence of CYP46A1 activation on the addition of EFV prior to the addition of cholesterol in Fig. 5 supports this notion. However, when the concentration of EFV is high (e.g. 100 M), not only does the drug bind to the allosteric site, but it also begins to bind to the active site and either prevents cholesterol from binding or displaces cholesterol from the active site. This causes CYP46A1 inhibition, which does not depend on whether EFV binds to substrate-free or substratebound CYP46A1. Our model is based on the assumption that despite its abundance in the ER, cholesterol may not always be present in the CYP46A1 active site when EFV binds to the allosteric site. This could be due to the low catalytic efficiency of CYP46A1 (its in vitro k cat for cholesterol is only ϳ0.1 min Ϫ1 (14)), suggesting that the time between the CYP46A1 catalytic cycles may be sufficient for a drug (EFV) to occupy the CYP46A1 allosteric site. Alternatively, EFV could bind to the allosteric site when cholesterol still occupies the active site and elicit conformational changes in CYP46A1 after the substrate is metabolized to the product, and the product has left the active site.
24-HC levels were not increased with this treatment (30) . Thus, EFV seems to be the first identified drug that simultaneously enhances the production of both cholesterol precursors and 24-HC; our in vitro data suggest that EFV may not be the only such drug. Furthermore, CYP46A1 is expressed predominantly in the brain (13) . Accordingly, unlike liver X receptor agonists that affect the entire body's cholesterol homeostasis, as well as other processes (41) , the effects of small doses of EFV should be limited mainly to the brain.
Our enzyme assays with purified CYP46A1 and isolated brain microsomes strongly suggest that the primary reason for the in vivo stimulation of cerebral cholesterol turnover by EFV is activation of CYP46A1 at low drug doses. This activation likely proceeds via an allosteric mechanism and involves EFV binding outside the CYP46A1 active site. The mechanism of CYP46A1 inhibition is different and is probably based on a competition between the substrate (cholesterol) and EFV for the P450 active site. However, alternative explanations are possible for the increased production of 24-HC in mouse brain upon EFV treatment. The first is that in mice, EFV stimulates primarily the pathway of cholesterol input (cholesterol biosynthesis and/or transport between the cells), and CYP46A1 activation is secondary to this stimulation. We do not believe this is the case because CYP46A1 expression is not regulated by cholesterol levels (42) . Also, enzyme activity is unlikely to be limited by cholesterol availability, as cholesterol is at the saturating level for the enzyme in the ER (ϳ250,000:1 cholesterol/ CYP46A1 molar ratio) (43) . These arguments are consistent with the results of the study with the liver X receptor agonist T0901317 described above, when stimulation of cerebral cholesterol biosynthesis did not lead to an increase in 24-HC levels (44) .
The second explanation is that EFV has a dual effect on mouse brain. The drug not only activates CYP46A1 and hence cerebral cholesterol biosynthesis but also acts as a transcriptional activator affecting cholesterol efflux from brain cells and transport within this organ via lipoproteins. In this scenario, an increase in cholesterol precursor levels represents a summary response to the enhanced cholesterol elimination via CYP46A1-dependent and CYP46A1-independent mechanisms. Indeed, EFV has been reported to be an agonist for the pregnane X receptor, which appears to regulate the expression of apolipoprotein A1 in mice, the major component of plasma HDL (45, 46) . It has also been suggested that the pregnane X receptor is activated in EFV-treated mice to explain the transient elevation in plasma HDL cholesterol (47) . An increase in plasma HDL cholesterol along with plasma total and LDL cholesterol is also observed in EFV-treated HIV patients (48) . Although much higher doses of EFV are prescribed to HIV patients (up to 600 mg/day) compared with that used in the present work (up to 0.32 mg/kg/day), we cannot exclude that the increase in the levels of cholesterol precursors upon EFV delivery by gavage could be due in part to transcriptional activation of the genes encoding lipoproteins. The presence of additional mechanism(s) that stimulate cholesterol biosynthesis in EFV-gavaged mice, independent of CYP46A1 activation, is also supported by the dissimilar shapes of the dose dependence curves for lathosterol and desmosterol compared with that for 24-HC (Fig. 8) . After 2 weeks of gavage with the 0.32 mg/kg/day dose, cholesterol biosynthesis was still stimulated in the brain, as indicated by the lathosterol levels, yet cholesterol catabolism began to be inhibited compared with the lower 0.16 mg/kg/day dose. The mechanism(s) underlying this uncoupling of cholesterol biosynthesis and catabolism are unclear, but they do not appear to be operative when the drug is delivered in drinking water. In this treatment paradigm, EFV at 0.09 mg/kg/ day resulted in an increase in lathosterol, desmosterol, and 24-HC levels during all treatment times, unequivocally demonstrating an increase in cerebral cholesterol turnover. Thus, our experiments strongly suggest that CYP46A1 has good potential to be a novel therapeutic target for the development of either cognitive enhancers or anti-Alzheimer disease medications. Moreover, novel applications of existing medications such as EFV could yield faster, cheaper, and more effective therapies for Alzheimer disease than conventional drug development processes.
In summary, we have identified a marketed drug (efavirenz) that activates the enzyme (CYP46A1) controlling the major pathway of cholesterol elimination from the brain. We have shown that EFV increases CYP46A1 activity in vitro in enzyme assays as well as in vivo in mice. We also proposed a model for CYP46A1 activation by the drug. Our data reveal the strong potential of CYP46A1 as a drug target and may lead to new therapeutic strategies for the treatment of neurodegenerative disorders or age-dependent deteriorations of memory and cognition.
